Specific patterns of attacks of cotton, bacterial cellulose and bacterial microcrystalline cellulose (BMCC) by recombinant cellulases of Cellulomonasfimi were investigated. Molecular-size distributions of the celluloses were determined by high-performance size-exclusion chromatography. Chromatography of cotton and bacterial celluloses revealed single major peaks centred over progressively lower molecular-mass positions during attack by endoglucanase CenA. In advanced stages, a second peak appeared at very low average size (approx. 11 glucosyl units); ultimate weight losses were approximately 3000. The isolated catalytic domain of CenA, p30, gave results very similar to those with complete CenA. CenA did not effectively depolymerize or solubilize BMCC significantly. Molecular-size distri-
INTRODUCTION
Cellulose, the major component of plant biomass, is a linear polymer of anhydroglucose units linked by fi-1,4-glycosidic bonds. Hydrogen-bonding within and between multiple layers of closely packed cellulose molecules results in the formation of cellulose microfibrils [1] . In natural tissues, these fibrils exist in a highly ordered state consisting of crystalline regions that are connected by less-ordered amorphous regions. A variety of fungi and bacteria produce an assortment of extracellular hydrolytic enzymes, including endo-and exo-/?-glucanases, which convert this insoluble substrate into soluble cello-oligomers, and ultimately to cellobiose and glucose.
Many studies of enzymic attack of cellulose have focused primarily on the release of reducing sugars from insoluble modified celluloses or water-soluble cellulose derivatives. Very few investigations have examined the effect of enzymes on the macromolecular structure of insoluble cellulose substrates. One approach to such research is to analyse the molecular-size distribution, and in effect the average degree of polymerization (DP, number of glucosyl residues per cellulose chain) of the residual cellulose after different microbial or enzymic treatments. We used this method to demonstrate that the mechanism of in vivo cotton cellulose degradation differs fundamentally between wood-degrading fungi causing different types of decay [2] .
Molecular-size distributions of celluloses incubated with culture filtrates from cellulolytic micro-organisms have been examined by others. Puls and Wood [3] reported that culture filtrates of Neocallimastix frontalis, Trichoderma koningii and Penicillium pinophilum, but not Clostridium thermocellum, reduced the chain length of birchwood cellulose to various extents.
butions of cotton and bacterial cellulose incubated with endoglucanases CenB or CenD exhibited one major peak regardless of incubation time; low-molecular-mass fragments did not accumulate. Weight losses were 40 and 35 % respectively. The single peak shifted to lower-molecular-mass positions as incubation continued, but high-molecular-mass material persisted. CenB and CenD readily attacked and solubilized BMCC (approx. 70 %). We conclude that CenA attacks cellulose by preferentially cleaving completely through the cellulose microfibrils at the amorphous sites, and much more slowly by degrading the crystalline surfaces. Conversely, CenB and CenD cleave the amorphous regions much less efficiently while vigorously degrading the surfaces of the crystalline regions of the microfibrils.
Puls [4] had earlier demonstrated that the average chain length of carbohydrates in steam-pretreated birchwood was somewhat reduced by culture filtrates of Trichoderma reesei. Additionally, dramatic shifts in the molecular-size-distribution peaks of partially mercerized cotton by culture filtrates of Sporotrichum dimorphosporum and of mechanically modified cotton fibres by cultures of Trichoderma reesie were reported by Lauriol et al. [5] and Chang et al. [6] respectively. Specific modes of attack of insoluble cellulose substrates by individual cellulases, however, have received little attention and are not understood. Part of the reason for this is the difficulty encountered in preparing purified cellulases from the usually complex mixture of enzymes present in cellulolytic systems. This obstacle, however, has been circumvented by the introduction of recombinant gene technology. Genes encoding different cellulases have been individually cloned and expressed in non-cellulolytic hosts, thereby ensuring that the cellulase preparations are devoid of other contaminating glycanases. This approach has been used to isolate and characterize five cellulases from the Gram-positive bacterium Cellulomonasfimi: endoglucanases CenA, CenB, CenC and CenD and the exoglycanase Cex [7] [8] [9] [10] [11] [12] [13] . All these enzymes are bifunctional proteins consisting of an active-site domain and a cellulose-binding domain (CBD) [13] [14] [15] [16] [17] [18] [19] . Unique domains, which are related to the repeats of fibronectin type III, also exist in CenB [18, 19] and CenD [13] .
The purpose of the present study was to determine the effects of isolated CenA, CenB, CenD and Cex on the molecular-size distribution of cotton cellulose, bacterial cellulose and bacterial microcrystalline cellulose (BMCC). We report the first description of the changes in the molecular-size distribution of insoluble cellulosic substrates by purified cellulases. [20] and BMCC [21] were prepared with Acetobacter xylinum (ATCC 53524 and ATCC 23769) and purified as described previously. Anhydrous pyridine, phenyl isocyanate and h.p.l.c.-grade tetrahydrofuran were purchased from Sigma Chemical Co., St. Louis, MO, U.S.A.
Bacterial cellulases
C.fimi (ATCC 484) CenA [16] , CenB [22] , CenD [13, 22] and Cex [16] were purified from Escherichia coli transformed with recombinant plasmids containing the designated gene, as described in the cited papers. As. a result, the recombinant enzymes were not glycosylated, whereas CenA and Cex are normally glycosylated in C.fimi. Isolated CenA catalytic domain, p30, was prepared by incubating intact CenA with crude C. fimi proteases and subsequently purified as described previously [23] . The enzymes and p30 were maintained at 4 'C in 50 mM potassium phosphate buffer (pH 7.0) containing 0.02 % NaN3 (PO4/azide buffer).
Reactions
Time-course studies of cellulose depolymerization by isolated enzymes were performed at 39°C with continuous magnetic stirring. We and others [24] have found that the cellulases attack cellulose much more efficiently when the reaction mixtures are stirred. In studies of cotton cellulose depolymerization, samples were removed periodically over a 48-or 192-h period. Bacterial cellulose was incubated for 192 h and BMCC for 24 h. At the designated time points, samples were removed and spun for 6-8 min in a microcentrifuge (16000 g). The supernatants were analysed for total sugars. The residual cellulose pellet was washed three times with 1.5 ml of water and oven-dried at 60°C before determination of molecular-size distribution.
Preparation of 'small particles' from cellulose In previous work [25] , it was observed that fine particulate material ('small particles') is released from dewaxed cotton fibres on treatment with CenA; this is visible to the naked eye as a haziness in the supernatant after most of the cellulose mass has settled. Eight samples, each containing 12.5 mg of dewaxed cotton fibre and 10 ,uM CenA in 2.5 ml of the PO4/azide buffer, were incubated at 37°C (300 rev./min) for 26 h. The identity of the 'small particles', which were recovered as suspensions in the combined supernatants, removed by aspiration and separated from 'short fibres' by filtration through a fritted plastic disc, was confirmed by phase-contrast microscopy. Approx. 1.2 mg of cellulose 'small particles' was recovered. A haziness in the supernatant also resulted when cotton linters were incubated with CenA, but the suspended particles were not characterized.
Analysis of cellulose and sugar
The molecular-size distributions of the residual cellulose samples (pellets from centrifugation) were determined by s.e.c. of the tricarbanilate derivatives in tetrahydrofuran after evaporation of the reaction mixture [26] . We found this method to give reproducible results (not shown). Four h.p.l.c. s.e.c. columns, Shodex KF807, KF805 and KF803 and 10 nm uesStyragel (Waters and Millipore Co.), were connected in series and used for the analyses. DPW and DPn were calculated as previously described [27] . Total sugars in the reaction supernatants were determined by the phenol/H2SO4 assay [28] . These values, corrected for water hydrolysis, were used to calculate the percentage weight losses of the cellulose.
RESULTS
Recombinant cellulases from C.fimi were individually incubated with cotton, bacterial cellulose or BMCC for various times to determine their effects on the molecular-size distribution of the celluloses. Weight losses of the cellulose (percentage solubilization) were calculated by determining the weight of soluble sugars and oligosaccharides released from the cellulose. In a subsequent experiment, the molecular-size distribution of 'small particles' generated from dewaxed cotton by CenA was determined. both CenB and CenD ultimately decreased from 800 to approximately 80 (Table 1) . The molecular-size distribution of cotton cellulose incubated with the exoglucanase Cex for 192 h was similar to that of the unattacked control, and only insignificant amounts of soluble sugars and oligosaccharides were released form the cotton (5 nmol of Cex was incubated with 0.5 mg of cellulose in 1.0 ml of P04/azide buffer at 39 'C with stirring). Changes in the molecular-size distribution of cotton cellulose incubated with Cex and CenA (1: 1) over time were similar to those of cotton cellulose incubated with CenA alone (results not shown).
Changes In the molecular-size distribution of bacterial cellulose by C. fimi endoglucanases The general pattern of bacterial cellulose depolymerization by CenA mimicked that of cotton cellulose depolymerization in that the major peak in the s.e.c. profile shifted to progressively lower DPs, and a second low-DP peak (DP 1_1) appeared in the most depolymerized sample (Figure 2a) Degradation of BMCC by C. fimi endoglucanases Changes in the molecular-size distribution of BMCC attacked by CenA or p30 for 24 h were similar, but CenA solubilized twice as much of the cellulose (12 compared with 6 %) ( Figure 3 ; Table 3 ).
In both enzymic treatments, the highest-molecular-mass material respectively.
DISCUSSION
Cellulose in its native form is an unusual substrate for enzymes. Unlike most enzymes that convert soluble substrates into products, cellulases must diffuse to the surfaces of the cellulose microfibrils before contact and catalysis can occur. We chose cotton and bacterial cellulose as substrates for our enzymic depolymerization studies because they are easily purified and chemically identical with the cellulose found in lignocellulosic materials. Cotton, found in the seed hairs of the cotton plant, is the purest form of natural cellulose and consists of elementary microfibrils, which in turn combine to form microfibrils [1] . Bacterial cellulose is synthesized by Acetobacter xylinum as long ribbons composed of hydrogen-bonded microfibrils that are smaller in diameter and more crystalline than cotton cellulose [29] . Relative to the highly crystalline acid-treated Valonia cellulose, the degree of crystallinity of cotton cellulose lies in the range 35-45 %, whereas the degree of crystallinity of BMCC is approx. 76 % [30] . Our studies revealed differences in the specific modes of attack of individual C. fimi cellulases on these naturally occurring celluloses and differences in the two celluloses with respect to enzymic hydrolysis. The carbanilate derivative of cellulose was employed for these molecular-size distribution studies, because this derivatization procedure has been shown to be non-degradative [31] . Significant peak shifts to lower DP positions in the molecularsize distributions of cotton and bacterial cellulose during attack by the endoglucanase CenA indicates that both types of celluloses were extensively depolymerized. The DPw of cotton was reduced from 3499 to 154. This is near the 'levelling off' DP of cotton cellulose that is also observed on acid hydrolysis; the residual Battista [32] . An analogous pattern of attack of bacterial cellulose by CenA was observed, but the apparent limit DP appeared to be higher (300-350). Indeed, the DP of acid-hydrolysed bacterial cellulose, BMCC, was determined to be approx. 400. These results suggest that CenA preferentially cleaved completely through the cellulose microfibrils at the amorphous sites, leaving behind predominantly crystalline cellulose. (Although we did not determine crystallinity here, increases in crystallinity of cellulose on enzymic attack have been reported [33] [34] [35] .)
Initial peak broadening of both cotton and bacterial cellulose during enzymic attack suggests that CenA cleaved the most accessible amorphous regions of the cellulose first, producing a range of low-molecular-mass fragments. Further hydrolysis of these fragments, in addition to the slower but continuous cleavage of the intact microfibril, resulted in the subsequent narrowing of the major peak. Reduction of the major peak, presumably representing crystallites (DP _ 200-250), concurrent with the appearance of a second peak, representing low-molecular-mass material (DP _ I 1), suggests that CenA did not cut through the remaining crystallites, but slowly removed fragments from their surfaces. The near inability of CenA to depolymerize or solubilize BMCC further supports this notion.
The low-molecular-mass peak (DP 11) that appeared when cotton and bacterial cellulose were extensively depolymerized by CenA also appeared when these celluloses were attacked by p30, the isolated catalytic domain of CenA. This indicates that the active site, and not the linker sequence or the CBD of the protein, was responsible for the generation and accumulation of these fragments. We presume that oligomers of DP approx. 15 and smaller were formed by the action of CenA and p30, and that those soluble in water (DP approx. 7 and smaller) were washed out in our work-up procedures; the remaining insoluble oligomers averaged DP 11. Why oligomers smaller than 15 were resistant to further attack by CenA and p30 is unknown. One possibility is that the enzyme simply requires longer fragments for activity. Another possibility is that the generated fragments crystallized on to the cellulose crystallites, where they escaped further hydrolysis.
Our work also shows that the 'small particles' generated from cotton cellulose with CenA (see ref. [25] ) are smaller than the majority of the material generated in the same time period (see Figures la and 4) . We suspect that these 'small particles', which were separated by the total product mixture by filtration and only represented approx. 1 % of the total cellulose, depicted the smaller portion of the product mixture.
Although removal of the CBD from CenA did not affect the ability of the endoglucanase to cleave cellulose at the amorphous sites, it did affect its ability to solubilize crystalline cellulose. Apparently, the CBD of cellulases plays a significant role in the efficient solubilization of crystalline cellulose [16, 36] .
Changes in the molecular-size distributions of cotton or bacterial cellulose during attack by CenB or CenD differed from those observed with CenA. Single peaks, shifted to progressively lower DPs, were seen with both CenB and CenD; low-DP material, including the 'DP 11 BMCC. This is in agreement with a previous report of high weight losses of crystalline cellulose observed on incubation with CenB and CenD, but not with CenA [13] .
It is at present unclear why the attack of cellulose microfibrils by CenB and CenD differs from that of CenA. All three enzymes are endoglucanases, but they belong to different families in the classification of ,-1,4-glucanases based on amino acid sequence similarities [37] . In addition, there appears to be no correlation between our results and the stereoselectivities of the endoglucanases; CenA and CenB catalyse hydrolysis with inversion of the anomeric carbon [38] , whereas CenD catalyses with retention of the anomeric carbon [13] . Apparent specificities of attack towards the different celluloses by the different C. fimi endoglucanases may be attributed to certain domains within the proteins. For instance, sequences related to the repeated domains of fibronectin II exist in CenB (three copies) [19] and CenD (two copies) [13] , but not in CenA. Apparently, removal of these sequences in CenB does not affect hydrolysis of CM-cellulose [19] . Similar experiments with crystalline cellulose substrates have not yet been performed. Another domain, already suspected ofplaying a significant role in the enzymic hydrolysis ofcrystalline cellulose, is the CBD [16, 36] . Indeed, our results demonstrate that removal of the binding domain from CenA affected its ability to solubilize crystalline cellulose, but did not affect its ability to cleave cellulose at the amorphous sites. It is of interest It is suggested that CenB and CenD not only attack cellulose microfibrils at the less-ordered amorphous sites, but also extensively remove cellulose fragments from the surfaces of the highly ordered crystalline regions. The experimental s.e.c. profiles are shown to the right of the corresponding cellulose diagrams. Wt., weight. See the Discussion for details.
that CenB, which readily solubilizes crystalline cellulose, contains two CBDs [19] . Neither binding domain is necessary for CMcellulose hydrolysis, but removal of one of them, a Bacillus-type CBD at the C-terminus of the catalytic domain, reduces activity. Again, similar structure-function experiments using crystalline cellulose have not yet been carried out. Lastly, the tilted configuration of the catalytic domain of CenA, which is at a constrained angle of 1350 to the CBD [23] , may function in the efficient cleavage of cellulose microfibrils at the amorphous sites. When this conformation is altered by removing the hinge region that connects the catalytic domain and the CBD, activities on CM-cellulose are reduced [39] .
The inability of the C. fimi exoglucanase Cex to depolymerize cotton cellulose may be explained by the fact that it is more properly classified as a xylanase than a cellulase [40] . Although it hydrolyses CM-cellulose, it has 1500 times more xylanase activity than any of the other C. fimi endoglucanases [13, 41] .
In summary, the recombinant endoglucanase CenA of C. fimi attacked cellulose by preferentially cleaving completely through the cellulose microfibrils at the amorphous sites and only slowly degrading the crystalline surfaces ( Figure 5 ). The recombinant endoglucanases CenB and CenD, on the other hand, attacked cellulose not only by slowly cleaving the amorphous regions, but by vigorously attacking the crystalline surfaces of the microfibrils (Figure 6 ). --
